Introduction
============

Renal cell carcinoma (RCC) is the most common form of kidney cancer and is responsible for up to 85% of cases [@B1]. Kidney renal clear cell carcinoma (KIRC) is the most common subtype of RCC, occurring in 70-75% of cases [@B2]. KIRC is associated with radiotherapy and chemotherapy resistance [@B3], and the overall prognosis is still poor, particularly for patients who present with high-stage disease [@B4]. Tumor stage (TNM), defined by the anatomic involvement of disease, is recognized as one of the strongest prognostic factors in the clinical outcome of patients with KIRC, as described in the eighth edition of the American Joint Commission on Cancer (AJCC) Cancer Staging Manual [@B5]. Because surgical resection of KIRC remains curative for a proportion of patients with localized disease, several models based on TNM and nuclear grade have been developed to predict outcomes after surgery [@B6]-[@B8]. So, it is important to know the status of nodal metastasis and distant metastasis for KIRC patients. Even though imaging examinations such as computed tomography (CT) scan and magnetic resonance imaging (MRI) are available, the status of lymph node metastasis or distant metastasis in a number of patients with KIRC cannot be assessed and is marked as Nx and Mx. Therefore, the treatment and follow-up assessment in KIRC patient may be affected. There is an urgent need for additional biomarkers to help clinicians assess lymph node metastasis and distant metastasis in KIRC which is marked as Nx and Mx.

MicroRNAs (miRNAs) are endogenous, highly conserved, non-coding RNAs 20-24 bp in length that function in a variety of biological processes at the transcriptional or post-transcriptional level. Abnormal expression levels of miRNAs are recognized as an important issue in cancer development. miRNAs are promising candidates as markers for the diagnosis and prognosis and as targeted therapies for cancers [@B9].

The Cancer Genome Atlas Project (TCGA) is an effort by the National Cancer Institute to profile different tumor types with genomic platforms and to make raw and processed data available to all researchers [@B10]. In the present study, we analyzed high-throughput miRNA data from the TCGA database to identify differentially expressed miRNAs (DEmiRs) in KIRC tissues and paired normal kidney tissues and found a two-miRNA signature that effectively assesses nodal metastasis, distant metastasis and predicts prognosis. The functional enrichment analysis suggested that the target genes of two miRNAs were involved in various pathways related to cancer.

Materials and Methods
=====================

Data processing
---------------

The KIRC preprocessed miRNA stem loop expression profiles in TCGA database, displayed as log2 converted reads per million (log~2~(RPM+1)), and clinical information were downloaded from the UCSC Xena (<https://xenabrowser.net/datapages/>, version 09-15-2017). If the same patient has more than two samples of the same tissue, the average expression value was extracted. The inclusion criteria were as follows: (1) the sample included both miRNA expression profiles and clinical information, (2) the sample included prognosis information, and (3) miRNAs with expression levels of zero in less than 50% of the samples. The DEmiRs between KIRC and normal tissues were analyzed by "limma" package in R [@B11]. The fold changes (FCs) in the expression of individual miRNA were calculated and differentially expressed miRNAs with log~2~\|FC\| \> 1.0 and P \< 0.05 were considered to be significant.

Diagnostic value for nodal metastasis, distant metastasis and predictive value for survival of differentially expressed miRNAs
------------------------------------------------------------------------------------------------------------------------------

Patients with N0 and N1 were extracted then ROC curve analysis was performed to evaluated the diagnostic value of the DEmiRs for nodal metastasis. Similarly, patients with M0 and M1 were extracted to evaluated the diagnostic value of the DEmiRs for distant metastasis. ROC curves analysis was performed by "pROC" package in R [@B12]. P-values of \<0.05 were considered significant. Then, we evaluated the association between the common miRNA markers and OS by univariate and multivariate COX regression analyzes in all patients. The patients were separated into high- and low-level groups based on median, followed by the Cox univariate and multivariate analysis. Finally, a miRNA-based prognosis index score was constructed on the basis of a linear combination of the expression level multiplied regression coefficient derived from the multivariate cox regression model (β) with the following formula.
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The "β" value is the estimated regression coefficient of miRNA and is derived from the multivariate Cox regression analysis, and "exp" indicates the expression profiles of the miRNAs. The KIRC patients were divided into two groups of low-risk and high-risk, according to median PI. ROC curve analysis was used to assess the diagnostic value of the miRNA signature for nodal metastasis and distant metastasis. Time-dependent ROC was used to assess the miRNA signature\'s predictive value for 5-year survival of KIRC and performed with "survivalROC" package [@B13] in R.

lncRNA-miRNA-target network construction, target prediction and function analysis
---------------------------------------------------------------------------------

The target genes of two miRNAs (miR-21 and miR-223) were predicted using miRNet [@B14] online analysis tools (<http://www.mirnet.ca/faces/home.xhtml>). The miRNet is an easy-to-use tool with comprehensive support for statistical analysis and functional interpretation of data generated in miRNAs studies. MiRNet offers networks on miRNA-gene and miRNA-long non-coding RNA (lncRNA) modifier. A lncRNA-miRNA-gene network was constructed. The network was further optimized using Cytoscape software [@B15] to improve visualization. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the target genes were performed using miRNet by Hypergeometric test algorithm.

Statistical analysis
--------------------

We analyzed the expression levels of the miRNAs in KIRC and matched normal tissues by unpaired t tests. We performed Kaplan-Meier survival analysis with the log-rank method and univariate/multivariate Cox proportional hazard regression analysis to compare the expression (low vs. high expression levels) and prognostic significance (low-risk vs. high-risk) of each miRNA. We considered P-values \< 0.05 to be statistically significant. Statistical analysis was performed using IBM SPSS statistics software program version 22.0 (IBM, North Castle, NY, USA).

Results
=======

Differentially expressed miRNAs in KIRC and healthy tissues
-----------------------------------------------------------

Our analysis included 516 KIRC tissues and 71 matched normal tissues. Detailed clinical characteristics, including gender, age at diagnosis, nodal metastasis, distant metastasis, pathological stage, nuclear grade, and tumor size (T stage), are listed in Table [1](#T1){ref-type="table"}. As shown in Table [1](#T1){ref-type="table"}, the nodal metastasis status could not be assessed (Nx) in more than 50% of 516 patients, and distant metastasis could not be assessed (Mx) in 6.59%. According to the cut-off criteria (P \< 0.05 and \|log2FC\| \> 1), 104 miRNAs were differentially expressed between KIRC and the matched normal tissues. 43 miRNAs were up-regulated in the KIRC tissue and 61 miRNAs that were down-regulated. The results of the expression analysis are presented as a volcano plot (Fig. [1](#F1){ref-type="fig"}A) to demonstrate that the distributions of P-values and \|log2FC\| were reasonable with respect to each other.

Diagnostic value for nodal metastasis, distant metastasis and predictive value for prognosis of differentially expressed miRNAs in KIRC
---------------------------------------------------------------------------------------------------------------------------------------

The ROC curve analysis showed 27 and 39 differential miRNAs that may diagnose nodal metastasis and distant metastasis of KIRC respectively (P\<0.05). We created a Venn diagram (Fig. [1](#F1){ref-type="fig"}B) and found 12 overlapping miRNAs that could diagnose nodal metastasis and distant metastasis. For the 12 miRNAs, we used median as cutoff point to classify the 516 patients in two groups: high and low level. Patients were divided into two groups and subjected to univariate/multivariate Cox proportional hazard regression analysis. MiRNA-21 and miRNA-223 were shown to be independent prognostic indicators for KIRC (Table [2](#T2){ref-type="table"}). MiR-21and miR-223 were up-regulated in KIRC. And we got the PI = 0.658\*exp~miRNA-21~+0.601\*exp~miRNA-223~. The Kaplan-Meier survival curve analysis of two miRNAs in overall survival were shown in Fig.[2](#F2){ref-type="fig"}A-B.

Diagnostic value for nodal metastasis, distant metastasis and predictive value for 5-year-survival of two-miRNA signature Prognosis Index in KIRC
-------------------------------------------------------------------------------------------------------------------------------------------------

A PI score for each patient was calculated and ranked. Thus, the 516 patients were classified into a high- (n= 258) and low-risk (n= 258) groups, according to the median. Survival analysis using the Kaplan-Meier method with a Log-rank statistical test showed that patients in high-risk group have a significantly worse OS than patients in the low-risk group (P = 0.000, Fig. [2](#F2){ref-type="fig"}C). The diagnostic value of the two-miRNA signature PI for nodal metastasis, distant metastasis was evaluated with "pROC" package, and the results are shown in Fig. [3](#F3){ref-type="fig"}A-B. The predictive value of the two-miRNA signature PI for 5-year-survival rate was evaluated with "survivalROC" package, and the results are shown in Fig. [3](#F3){ref-type="fig"}C. The two-miRNA signature is a promising biomarker for diagnosing nodal metastasis, distant metastasis and predicting 5-year-survival rate of KIRC with AUCs=0.738, 0.659 and 0.731, respectively.

Comparison between the two-miRNA signatures that remained independent prognostic factors and routine clinicopathological factors
--------------------------------------------------------------------------------------------------------------------------------

To test its predictive value for prognosis, we added the two-miRNA signature PI to other clinicopathological features for univariate and multivariate cox analyzes. The two-miRNA signature was found to be associated with OS and an independent prognostic factor in KIRC patients (Table [3](#T3){ref-type="table"}). The results suggest that the two-miRNA signature could be used as a prognostic biomarker.

Apply the miRNA-based signature to diagnosis the patient with Nx and Mx respectively
------------------------------------------------------------------------------------

As there were 271 patients with Nx and 32 patients with Mx or not known, we applied the two-miRNA signature to diagnosis the patient with Nx and Mx respectively. According to the cutoff selected by ROC curve analysis (Fig. [3](#F3){ref-type="fig"}A), 182 and 89 patients were diagnosed as N0 and N1 respectively. Patients diagnosed as N1 have significantly poorer survival than patients diagnosed as N0 (Fig.[4](#F4){ref-type="fig"}A, P=0.000). According to the cutoff selected by ROC curve analysis (Fig. [3](#F3){ref-type="fig"}B), 16 and 16 patients were diagnosed as M1 and M0 respectively. There was no significant difference in survival between patients diagnosed with M1 and those diagnosed with M0 (Fig. [4](#F4){ref-type="fig"}B, P=0.695).

lncRNA-miRNA-target network constructed, target prediction and function analysis of the two-miRNA signature
-----------------------------------------------------------------------------------------------------------

A total 695 genes and 38 lncRNAs were selected by using miRNet online analysis tools based on the two miRNAs (miRNA-21 and miRNA-223). The miRNA-gene network and lncRNA-miRNA network were exported and an lncRNA-miRNA-gene network was constructed by using cytoscape software. 748 edges and 735 nodes were included in the network (Fig. [5](#F5){ref-type="fig"}). GO and KEGG pathway enrichment analyses of the target genes were performed using miRNet with Hypergeometric test algorithm. GO enrichment analyses included biological process (BP), molecular function (MF), and cellular component (CC). The results of GO and KEGG pathway enrichment analysis were ranked by P value and the top 10 terms and pathways were showed in Fig. [5](#F5){ref-type="fig"}. The analysis suggested that the target genes of two miRNAs may be involved in various pathways related to cancer, like p53 signaling pathway, apoptosis, and MAPK signaling pathway. Table [4](#T4){ref-type="table"} shows the target genes of miRNA-21 and miRNA-223 in the relevant pathway.

Discussion
==========

KIRC patients with stage I disease have a 5-year recurrence free-survival of \> 92%, whereas the risk of recurrence for those with stage II and III disease is up to 40% [@B16], [@B17]. Several models have been developed to predict outcomes after surgery. The Leibovich score classified patients with KIRC into low-, intermediate-, or high-risk categories, according to stage, tumor size, nuclear grade, and the presence of tumor necrosis [@B6], [@B7]. The University of California, Los Angeles, Integrated Staging System (UISS) defines low-, intermediate-, and high-risk prognostic groups based on stage, Fuhrman nuclear grade, and Eastern Cooperative Oncology Group performance status [@B8]. Both models require explicit status of nodal metastasis and metastasis, but patients with Nx or Mx account for a considerable portion and that do limit the application of the two models. In addition, the status of nodal metastasis and distant metastasis are two factors of prognosis. In just a few short years miRNAs have become firmly established as key molecular components of the cell in both normal and pathologic states [@B18]. Tumor miRNA profiles can define relevant subtypes, patient survival, and treatment response [@B19]-[@B21]. In the present study, we comprehensively analyzed the miRNA sequencing data downloaded from TCGA datasets. We identified 104 differentially expressed miRNAs, of which 43 were upregulated and 61 were down-regulated. We evaluated the diagnostic value of each differentially expressed miRNA for nodal metastasis and distant metastasis then developed a two-miRNA signature with diagnostic value for these two clinicopathological features. Further, the two-miRNA signature, as an independent factor of prognosis, successfully separated patients into low- and high-risk groups. The results suggest that the two-miRNA signature could be used as a prognostic biomarker of KIRC prognosis. In addition, the diagnosis for patients with Nx based on our two-miRNA signature, the overall survival rate of patients diagnosed as N1 was significantly poorer than that of patients diagnosed as N1. It did not obtained similar results in patients with Mx or not known because of the small sample size (n=32) or the lower diagnostic value of the two-miRNA signature for distant metastasis (AUC=0.659).

Several studies had performed to investigate the relationship between miRNA expression patterns and the prognosis of patients with KIRC. Cairns et al. found a consistent signature that included significant upregulation of miRNA-21-5p, miRNA-142-3p, let-7g-5p, let-7g-5p and miRNA-424-5p, as well as downregulation of miRNA-204-5p, to be associated with KIRC of high stage, or high grade, or progression [@B22]. Yann Christinat\'s study unveiled a KIRC-specific five-miRNA (miRNA-10b, miRNA-21, miRNA-143, miRNA-183, and miRNA-192) signature that predicted KIRC outcome more accurately than TNM staging alone using a computational approach [@B23]. Wang et al. reported a three-microRNA (miRNA-21, miRNA-584, and miRNA-155) signature as a diagnostic and prognostic marker in KIRC [@B24]. One of their miRNAs, miRNA-21 overlap with our two-miRNA signature. The different results of these studies may result from differences in the different main purpose and methods of these studies. One advantage of our present study, compared with previous studies, is that our signature is a leaner one containing only two miRNAs, another advantage of our present study is the two-miRNA signature could not only assess important pathological features but also predict survival of KIRC. This two-miRNA signature could act as a new effective tool for clinicians dealing with patients with KIRC, especially, the patients in whom the status of nodal metastasis and distant metastasis cannot be assessed by routine examination.

Increasing evidence shows that miRNA-21 acts as an oncogene by targeting many tumor suppressor genes related to proliferation, apoptosis, and invasion [@B25], [@B26]. miRNA-21 stimulates epithelial-to-mesenchymal transition and tumorigenesis in KIRC[@B27], and up-regulation of miRNA-21 correlated with lower kidney cancer survival[@B28], which is similar with our results. As for miRNA-223, Wang et al. reported that miRNA-223 promotes the biological behavior of prostate cancer by targeting SEPT6 [@B29], while its molecular mechanism in KIRC has few studies. Zhang et al. reported miR-223 could enhance radiation sensitivity of U87MG cells in vitro and in vivo by targeting ataxia telangiectasia [@B30]. MiRNA-223 is highly expressed in KIRC and may serve as a potential therapeutic target, but its role needs further study. In our current study, the lncRNA-miRNA-gene network was constructed, which would help us and other researchers to explore KIRC further and deeper. The results of GO and KEGG pathway enrichment analysis suggested that the target genes of two miRNAs may be involved in various pathways related to cancer, included p53 signaling pathway [@B31], apoptosis [@B32], and MAPK signaling pathway [@B33]. Our study suggests that two miRNAs are potential predictors of nodal metastasis and distant metastasis, suggesting that these two miRNAs may be related to tumor metastasis. In particular, there are few studies about miRNA-223 in KIRC. Our results suggested that miRNA-223 may play a role in pathways related to cancer by targeting ATM, CDK2, MDM2, TP53, SESN3, CHUK, MKNK2, E2F1, CDC27, STMN1, CACNG8, MEF2C and MEF2C. Further experimental verification is needed.

Although cross-validation was lack in our present study, a two-miRNA signature successfully was constructed in a relatively large sample size. Since we did not find data sets that meet the inclusion criteria in other databases, we regret that we could not add more samples or use an independent external data set to validate our results. Future studies with independent cohorts of large samples from different sample types are needed to validate our findings for clinical practice. The main weakness for our study is lack of direct experimental validation, further functional investigation is required to explore the molecular functions of the two miRNAs in KIRC. Based on our present study, our research team is considering collecting samples in our hospital for validation and further research.

In summary, our study identified a two-miRNA signature from differentially expressed miRNAs in KIRC and matched normal tissues. The two-miRNA signature could not only assess nodal metastasis and distant metastasis. It also predicted survival in KIRC. Ultimately, we hope that this miRNA signature can be used as a new prognostic tool for clinicians dealing with patients with KIRC, especially those patients for whom the status of nodal metastasis and metastasis was not clear.
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![(A) Volcano plot of the differentially expressed miRNAs between KIRC and normal tissues. Red dots represent significantly up-regulated miRNAs, and green dots represent significantly down-regulated miRNAs (log2\|FC\|\>1.0, P\<0.05). (B) Venn analysis of miRNAs that could potentially diagnose nodal metastasis and distant metastasis.](jcav09p3651g001){#F1}

![Kaplan-Meier survival curve analysis of two miRNAs ang the two-miRNA signature in overall survival. (A) miRNA-21, (B) miRNA-223 and (C) two-miRNA signature prognosis index.](jcav09p3651g002){#F2}

![The diagnostic value of two-miRNA for (A) nodal metastasis and (B) distant metastasis by ROC curve analysis. (C) The predictive value of the two-miRNA signature PI for 5-year-survival rate. FP, False Positive.](jcav09p3651g003){#F3}

![Kaplan-Meier survival curve analysis of the two-miRNA signature\'s diagnosis results in patients with Nx and Mx. (A) Diagnosed as N0 versus N1, (B) Diagnosed as M0 versus M1.](jcav09p3651g004){#F4}

![lncRNA-microRNA-gene networks constructed on miRNet based on miRNA-21 and miRNA-223. Small red dots indicate genes, azure squares indicate miRNAs and blue diamonds indicate lncRNAs.](jcav09p3651g005){#F5}

![The top 10 significantly enriched Gene Ontology annotation and Kyoto encyclopedia of genes and genomes pathway analysis of the target genes of the two miRNAs. (A) cellular component, (B) biological process, (C) molecular function and (D) KEGG pathway.](jcav09p3651g006){#F6}

###### 

Clinicopathological features of 516 KIRC.

  Characteristics     Case   Percentage
  ------------------- ------ ------------
  Sex                        
  Male                335    64.92%
  Female              181    35.08%
  Age (years)                
  \<60                238    46.12%
  ≥60                 278    53.88%
  Pathologic stage           
  Stage I-II          308    59.69%
  Stage III-IV        205    39.73%
  Not known           3      0.58%
  T stage                    
  T1+T2               326    63.18%
  T3+T4               190    36.82%
  Lymph node status          
  N0                  228    44.19%
  N1                  17     3.29%
  Nx                  271    52.52%
  Metastatic                 
  M0                  406    78.68%
  M1                  78     15.12%
  Mx                  30     5.81%
  Not known           2      0.39%
  Grade                      
  G 1-2               231    44.77%
  G 3-4               277    53.68%
  Not known           8      1.55%

###### 

Univariate and multivariate analysis of 12 miRNAs in KIRC patients.

  miRNA         Univariate analysis                  multivariate analysis                        
  ------------- --------------------- -------------- ----------------------- -------- ----------- --------------
  miR-155       0.059                 0.989-1.808                                                 
  miR-183       **0.000**             1.486 -2.777                           0.344    0.059       0.987 -2.015
  miR-193a      **0.011**             1.095- 2.003                           -0.091   0.596       0.651 -2.280
  **miR-21**    **0.000**             2.038 -3.876                           0.658    **0.003**   1.256 -2.557
  **miR-223**   **0.000**             1.632 -3.062                           0.601    **0.001**   1.300- 1.606
  miR-4677      **0.018**             1.064 -1.951                           0.153    0.349       0.846 -1.266
  miR-144       **0.003**             0.460-0.850                            -0.353   0.240       0.390-1.241
  miR-451a      **0.003**             0.459-0.849                            -0.383   0.210       0.375-1.241
  miR-149       **0.000**             1.335-2.474                            0.309    0.067       0.978-1.897
  miR-204       **0.000**             0.363-0.677                            -0.105   0.607       0.604-1.342
  miR-31        **0.000**             1.278-2.364                            0.087    0.614       0.779-1.528
  miR-200c      0.405                 0.841-1.533                                                 

**Abbreviations:** KIRC, Kidney renal clear cell carcinoma; HR, hazard ratio;

CI, confidence interval. \* *p* value of \<0.05 was considered statistically significant difference.

###### 

Univariate/multivariate analysis of clinicopathological features and two-miRNA signature.

  Characteristics          Univariate analysis                 Multivariate analysis                       
  ------------------------ --------------------- ------------- ----------------------- ------- ----------- -------------
  Sex                                                                                                      
  Male                     0.608                 0.676-1.258                                               
  Female                                                                                                   
  Age(years)                                                                                               
  \<60                     **0.000**             1.367-2.581                           0.353   0.110       0.983-2.337
  ≥60                                                                                                      
  Pathologic stage                                                                                         
  Stage I-II               **0.000**             2.715-5.146                           0.276   0.560       0.555-3.379
  Stage III-IV                                                                                             
  T stage                                                                                                  
  T1+T2                    **0.000**             2.251-4.145                           0.191   0.650       0.569-2.976
  T3+T4                                                                                                    
  Nodal metastasis                                                                                         
  N0                       **0.000**             1.860-6.324                           0.450   0.189       0.862-3.277
  N1                                                                                                       
  Distant metastatic                                                                                       
  M0                       **0.000**             3.081-5.762                           0.960   **0.000**   1.355-3.633
  M1                                                                                                       
  Grade                                                                                                    
  G 1-2                    **0.000**             1.877-3.748                           0.363   0.125       0.896-2.453
  G 3-4                                                                                                    
  Two-miRNA signature PI                                                                                   
  Low risk                 **0.000**             1.882-3.568                           0.873   **0.000**   1.312-3.606
  High risk                                                                                                

**Abbreviations:** HR, hazard ratio; CI, confidence interval; PI, prognosis Index

\* p value of \<0.05 was considered statistically significant difference.

###### 

The target genes of miRNA-21 and miRNA-223 in the relevant pathways

  KEGG pathway             miRNA                                           targets
  ------------------------ ----------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
  p53 signaling pathway    miRNA-21                                        APAF1, FAS, CASP8, CCNG1, CDK6, MDM4, SERPINB5, PTEN, TNFRSF10B, SESN1
  miRNA-223                ATM, CDK2, MDM2, TP53, SESN3                    
  Apoptosis                miRNA-21                                        AKT2, APAF1, FAS, FASLG, BCL2, CASP8, IL1B, IRAK1, MYD88, NFKB1, PIK3R1, TNFRSF10B
  miRNA-223                ATM,TP53,CHUK                                   
  MAPK signaling pathway   miRNA-21                                        FASLG, ATF2, DAXX, DUSP8, EGFR, FGF12, MKNK2, IL1B, MEF2C, MAP3K1, MYC, NFKB1, NTF3, MAP2K3, RASA1, RPS6KA3, TGFB1, TGFB2, TGFBR2, RASGRP1, MAP3K2, DUSP10, RASGRP3
  miRNA-223                STMN1,CACNG8, RRAS2, CHUK, TP53, MEF2C, MKNK2   
  Cell cycle               miRNA-21                                        E2F1, CDC25A, CDK6, E2F2, E2F3, MYC, ORC4, RB1, SKP2, TGFB1, TGFB2, SMC1A, STAG2
  miRNA-223                CDC27, ATM, MDM2, TP53, CDK2, E2F1              
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